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We mapped the canarypox virus (CaPV) thymidine kinase (TK) gene within a 5.8-kbp XbaI fragment of the genome by
Southern blotting using the fowlpox virus (FPV) TK gene as a probe. Nucleotide sequence analysis of the fragment revealed
seven open reading frames (ORFs) showing gene organization similar to that of FPV. The TK gene contained in this region
had an ORF of 179 amino acids encoding a polypeptide with a putative molecular mass of 20.0 kDa. An A/T-rich region and
a transcription termination signal, TTTTTAT, were found upstream and at the end of the ORF, which is consistent with poxvirus
early gene regulation. The consensus sequence of the late promoter TAAAT also overlapped with the initiation codon of the
ORF. The amino acid sequence similarity between the TK genes of CaPV and FPV, avipoxviruses, was 64.2%, which was lower
than the similarities between vaccinia and variola orthopoxviruses (97.2%) and between Shope fibroma and myxoma
leporipoxviruses (82.6%). However, the monophyly of avian clades of CaPV and FPV was supported by phylogenetic analysis.
We then inserted the genes encoding lacZ, luciferase (luci), and envelope of human T-lymphotropic virus type 1 (HTLV-1 env)
into the TK gene of CaPV to evaluate its suitability as an expression vector. The recombinant viruses obtained were unstable,
although the foreign genes were expressed efficiently in the mammalian cells infected with the viruses. © 1999 Academic Press
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Poxvirus has been widely used as an expression vec-
or for a variety of foreign genes inserted into the virus
enome by homologous recombination. CaPV is a mem-
er of the avipoxvirus genus of the family poxviridae and
s naturally restricted to productive replication in avian
pecies (Esposito, 1991). When inoculated into nonavian
issue culture cells, however, avipoxvirus can initiate an
bortive infection (Somogyi et al., 1993; Taylor et
l.,1988a). It has been demonstrated that recombinant
vipoxviruses inoculated into cells of nonavian origin
xpress foreign genes in the absence of apparent pro-
uctive viral replication and that the recombinants inoc-
lated into nonavian species elicit protective immune
esponses (Boursnell et al., 1990b; Tartaglia et al., 1993;
aylor et al., 1988b, 1991, 1992).
The TK gene of vaccinia virus, the mostly extensively
tudied orthopoxvirus, is a nonessential region used for
oreign gene insertion and a convenient locus for select-
ng recombinant viruses (Mackett et al., 1982, 1984). The
mino acid sequences of the TK genes have also been
sed to analyze the evolutionary relationship of poxvi-
The nucleotide sequence data reported here were deposited in the
MBL, GenBank, and DDBJ nucleotide sequence databases under the
ccession no. D78347/D86731.
1 To whom reprint requests should be addressed. Fax: 81-425-61-
1729.
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280uses (Amano et al., 1995; Esposito and Knight, 1984;
eller et al., 1991; Ueda et al., 1995; Upton and McFad-
en, 1986). The TK genes of FPV, the prototype of avi-
oxvirus, have been mapped, sequenced, and charac-
erized (Boyle et al., 1986, 1987). The deduced amino acid
equence of the FPV TK has significant homology with
Ks from chicken, man, and three other poxviruses but
hows no homology with herpes simplex virus TK. Avi-
oxvirus TK gene is not available for selection of the
ecombinant virus because there are no TK2 avian cell
ines. The TK gene, a 32-bp intergenic region, a 900-bp
uvII and terminal fragments of FPV, and a 3.3-kbp PuvII
ragment of CaPV were used as nonessential regions for
he insertion of foreign genes into the avipoxvirus ge-
ome (Boursnell et al., 1990a; Boyle and Coupar, 1988;
pehner et al., 1990; Taylor et al., 1988a, 1991). The
ecombinant avipoxviruses were selected by a variety of
ethods, such as plaque hybridization with an appropri-
te probe (Taylor et al., 1988a), coexpression of a maker
ene (Spehner et al., 1990), and screening for a dominant
arker (Boyle and Coupar, 1988).
A genetic relatedness between FPV and vaccinia virus
as been shown in the region around the TK genes. The
equence of a 3.1-kbp BglII fragment of FPV genome that
ybridizes to the HindIII-J fragment of vaccinia virus has
evealed a similar pattern of genetic organization com-
arable to that of vaccinia virus, with the exception that
he TK gene is missing (Binns et al., 1988; Drillien et al.,
987). The arrangement of the genes in the 7351-bp
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281TK GENE OF CaPV AND INSERTION OF FOREIGN GENESragment containing the TK gene of FPV is almost iden-
ical to the arrangement found in the vaccinia virus
indIII-I fragment (Binns et al., 1992). However, the locus
orresponding to the TK gene in the HindIII-I fragment is
eplaced by ribonucleotide reductase gene.
In this report, we describe the identification of the TK
ene of CaPV and the sequence and gene organization
f a 5.8-kbp XbaI fragment containing the TK gene. We
lso describe the construction of a recombinant virus by
he insertion of lacZ, luci, and HTLV-1 env genes into the
K gene of CaPV. Screening for the recombinant CaPV
ontaining the luci and HTLV-1 env genes was carried
ut by replacing the lacZ gene [codes for b-galactosi-
ase (b-gal)] in the parental virus (blue plaque) with
he luci and HTLV-1 env genes (white plaque) by trans-
ection.
RESULTS
apping of the TK gene
The TK gene of Yaba virus, the Yata poxvirus genus,
as identified by Southern blotting using the vaccinia
irus TK gene as a probe (Amano et al., 1995). This
uggests that there are conserved homologous se-
uences within the TK gene of poxviruses of different
enera. Preliminary experiments to detect the CaPV TK
ene by polymerase chain reaction (PCR) using forward
nd reverse primers were negative, although the primer
et was originally from a region of the FPV TK gene,
9-ATGTTATTACAGGCCCTATG-39 and 59-AGAAAGAATT-
AGCCTCGTC-39. The negative outcome may result in a
ow-sequence homology between the TK gene of CaPV
nd the primer set. We then performed Southern blots
sing a 2.2-kbp HindIII–ClaI fragment of the FPV DNA as
he probe. The 2.2-kbp HindIII–ClaI fragment contains
he entire TK gene (Boyle et al., 1987). As shown in Fig.
A, the probe hybridized with a 20.0-kbp EcoRI, 4.8-kbp
indIII, 9.0-kbp BamHI, and 5.8-kbp XbaI fragments of
aPV DNA. To identify the exact location of the TK gene,
he 5.8-kbp XbaI fragment was cloned into pUC19,
leaved with various restriction endonucleases, and
outhern blotted using PCR products as a probe. The
CR products were prepared with FPV DNA digested
ith EcoRI as the template and with the primer set
escribed above. The probe hybridized to single XbaI,
amHI, and ClaI–BamHI restriction fragments (Fig. 1B).
hese results mapped the hybridization site to the 2.4-
bp ClaI–BamHI fragment located within the 5.8-kbp XbaI
ragment.
The function of the TK gene was confirmed as follows.
he 2.4-kbp ClaI–BamHI fragment was cloned into
UC19 and transferred in both orientations into the TK
ene of a recombinant plasmid containing the HindIII-J
ragment of vaccinia virus in pBR 322. The plasmids
arboring the fragments were then used to transfect TK243 cells already infected with TK2 vaccinia virus. TK1 viruses were recovered from the culture transfected with
he fragments. TK1 recombinant vaccinia viruses were
enerated with the CaPV insert in either orientation. It
as been shown that poxvirus TK promoters function
ithin poxviruses of other genera (Amano et al., 1995;
oyle and Coupar, 1986; Feller et al., 1991; Ueda et al.,
995). The 2.4-kbp ClaI–BamHI fragment after digestion
ith EcoRV produced a 1.2-kbp ClaI–EcoRV and a 1.2-kbp
coRV–BamHI fragment. The TK1 phenotype was not
ound in cultures transfected with these two fragments.
his suggests that the CaPV TK gene spans the EcoRV
ite located on the center area of the 2.4-kbp ClaI–BamHI
ragment.
ucleotide sequence of the TK gene
To confirm the precise structure of the TK gene, a
ragment of ;0.9 kbp spanning the EcoRV site was
equenced in both orientations, and one ORF of 537
ucleotides was found (Fig. 2). The ORF encoded a
79-amino acid sequence with a predicted molecular
ass of 20.0 kDa. Early vaccinia virus genes have A/T-
ich regions upstream of the ORF (Weir and Moss, 1983)
nd usually have a transcription termination signal,
TTTTNT, near the end of the coding region (Yuen and
oss, 1987). As in the early vaccinia virus genes, the 59
lanking region preceding the CaPV TK gene is very A/T
ich. The consensus sequence for the late promoter,
AAAT (Bertholet et al., 1986; Ha¨nggi et al., 1986; Rosel et
l., 1986), also overlapped with the initiation codon of the
RF of the CaPV TK gene. The presence of late and early
romoters arranged in tandem was found in the gene
ncoding a 7.5-kDa polypeptide of the vaccinia virus
Cochran et al., 1985) and the TK gene of myxoma virus
Jakson and Bults, 1992). The transcription termination
ignal, TTTTTAT, was also found at the end of the ORF of
he CaPV TK gene, which was consistent with the FPV TK
ene (Boyle et al., 1987).
To assess the extent to which the CaPV TK gene is
elated to other poxvirus TK genes, we performed pair-
ise comparisons of amino acid sequences (Table 1).
he TK gene of FPV is more divergent than those from
ther poxvirus genera (Feller et al., 1991; Ueda et al.,
995). The amino acid sequence similarity of the CaPV
K protein was 45.5–53.1% for myxoma, Yaba, Shope
ibroma, Cotia, sheeppox, swinepox, variola, and vac-
inia viruses. The percentage of identical amino acids
etween canary and fowl avipoxviruses was 64.2%,
hich is less than that between vaccinia and variola
97.2%), raccoonpox and vaccinia (87.0%; Lutze-Wallace
t al., 1995) orthopoxviruses, and Shope fibroma and
yxoma leporipoxviruses (82.6%). The value of 64.2%
as lower than the range of variations (64.4–68.4%) be-
ween pairwise combinations of vaccinia, myxoma,
heeppox, variola, Cotia, Shope fibroma, and swinepox
irus TK proteins.
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282 AMANO ET AL.The lower amino acid sequence similarity of the TK
enes of CaPV and FPV, avipoxviruses, led us to inves-
igate the evolutionary relationship between poxviruses.
e constructed a phylogenetic tree from 12 TK proteins.
ccording to phylogenetic analysis, the TK protein of
aPV clustered with that of FPV (Fig. 3). The bootstrap
alue of the CaPV and FPV group (92%) supports the
onophyly of an avian clade, but it was lower than those
f the monkey, vaccinia, variola, and raccoonpox virus
roup (100%) and the Shope fibroma and myxoma virus
FIG. 1. Mapping the CaPV TK gene. (A, a) Ethidium bromide-stained a
B), and XbaI (X). (A, b) Southern blot of the gel in A, a with the labeled 2
etected above was cloned into pUC 19, digested with XbaI (X), BamHI (
lot of the gel in B, a with the PCR product, which was prepared as droup (100%). lene organization in the 5.8-kbp XbaI fragment
ontaining the TK gene
The sequence of the 5.8-kbp fragment containing the
K gene of CaPV was determined. The TK gene is lo-
ated in the center of the 5.8-kbp XbaI fragment and was
equenced as shown in Fig. 2. Available upstream and
ownstream, regions of CaPV TK gene were also se-
uenced, and the nucleotide sequence of the 5.8-kbp
baI fragment was translated in both orientations to
gel of CaPV and FPV DNA digested with EcoRI (E), HindIII (H), BamHI
indIII–ClaI fragment of the FPV DNA. (B, a) The 5.8-kbp XbaI fragment
ClaI–BamHI (C and B), and resolved by electrophoresis. (B, b) Southern
d in the text. Ev indicates EcoRV; M, molecular size markers.garose
.2-kbp H
B), andocate ORFs. A search for ORF on both strands revealed
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283TK GENE OF CaPV AND INSERTION OF FOREIGN GENESeven that contained .69 amino acids (Fig. 4). The gene
esignation and organization in the 5.8-kbp XbaI frag-
ent were determined by placing the CaPV TK gene in a
osition analogous to that of the TK gene in the 7351-bp
ragment of FPV (Binns et al.,1992). ORFs in the 5.8-kbp
baI fragment were named Ca-2, Ca-3, Ca-X, Ca-TK,
a-5, Ca-6, and Ca-7, from left to right. All ORFs were
irected leftward. The Ca-3, Ca-X, and Ca-TK contained
/T-rich regions, and the TTTTTNT sequence, indicating
arly genes, and the TAAAT sequence overlapped with
he initiation codon of Ca-2, Ca-5, Ca-6, and Ca-7, indi-
FIG. 2. Nucleotide sequence of the TK gene and flanking regions.
ragment was sequenced in both orientations by means of dideoxynuc
hown with amino acids in the single-letter code below the correspon
f the putative promoter region of the early gene of poxvirus is under
ranscription termination signal are also indicated by thick underlining a
n the GenBank nucleotide sequence database and has been assigneating late genes. The ORFs were very closely spaced. (here were no nucleotides between the stop and start
odons of Ca-7 and Ca-6, Ca-6 and Ca-5, and Ca-3 and
a-2. The stop and start codons were separated by 21
ucleotides for Ca-5 and Ca-TK, 134 nucleotides for
a-TK and Ca-X, and 69 nucleotides for Ca-X and Ca-3.
To examine the relatedness between FPV and CaPV,
he percentages of identical amino acids in seven ORFs
round the TK gene were compared. The amino acid
equence similarity between the two viruses was 55.2–
4.0% (Fig. 4), which is lower than those between nine
RFs in the region containing the TK gene of vaccinia
bp fragment spanning the EcoRV site within the 2.4-kb ClaI–BamHI
hain termination using an automatic sequencer. The predicted ORF is
A sequence. The A/T-rich region similar to the consensus sequence
he consensus sequence for a late promoter and the predicted early
tted line, respectively. *Stop codon. This sequence has been recorded
ssion no. D78347.A 0.9-k
lotide c
ding DN
lined. T
nd a doGoebel et al., 1990) and variola (Massung et al., 1993)
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284 AMANO ET AL.rthopoxviruses (95–99%). Each of the polypeptides that
ould be encoded by the 5.8-kbp XbaI fragment of CaPV
losely corresponded in size, sequence, and relative
ocation to FPV ORFs.
nsertion and expression of the foreign genes
The TK gene is often used as a nonessential region for
ene insertion in vaccinia virus. To test whether the TK
ene of CaPV is also a nonessential region and a suit-
ble site for insertion of foreign genes, we inserted the
acZ and luci genes. However, for avipoxviruses, a TK2
ell and 5-bromodeoxyuridine selection system was not
vailable because TK2 cell lines have not yet been
stablished in the avian species. Therefore, the screen-
ng of the recombinant CaPV containing the luci gene
as carried out by an alternative procedure as described
reviously (Chakrabarti et al., 1985). The recombinant
irus, lacZ/CaPV, which produces a blue plaque on CEF
ells in the presence of 5-bromo-4-chloro-3-indoyl-b-gal-
ctoside (X-Gal), was obtained by transfection of the
ransfer vector placZ/CaPVTK into cells infected with
aPV. The cells infected with lacZ/CaPV were then trans-
ected with the transfer vector pluci/CaPVTK. The result-
nt new recombinant viruses in which the region con-
aining the p11 promoter and the lacZ gene was replaced
y the region containing the p7.5 promoter and the luci
ene were identified by the formation of white plaques
luci/CaPV; data not shown). About 2% of the plaques
ere white and were tested for the presence of luci DNA
y PCR. The desired recombinant virus, luci/CaPV, was
sed for the latter experiments after three successive
laque purifications. The FPV containing the luci gene
as also obtained by the same procedure as described
bove (luci/FPV).
To examine the susceptibility of various mammalian
ells to avipox viruses, we used the CaPV and FPV
T
Comparison of Amino Acid Seque
Canary Fowl Vaccinia Variola
owlpox 64.2
accinia 53.7 46.9
ariola 53.1 45.2 97.2
hope fibroma 47.8 44.4 64.4 63.3
yxoma 45.5 45.5 67.2 66.1
heeppox 51.4 47.5 65.0 63.8
winepox 51.4 47.5 62.7 61.0
aba 46.9 44.2 63.2 61.6
otia 50.6 47.2 58.2 57.6
Note. Numbers indicate percentage of homology. Amino acid sequenc
01978 (vaccinia), K02031 (variola), M14493 (Shope fibroma), X52655
Cotia), and each homology was calculated with the Lipman-Person hoontaining the luci gene under control of vaccinia p7.5 tromoter. Expression from luci/CaPV and luci/FPV in
arious mammalian cell lines was determined by luci
ctivity of extracts prepared from infected cells. CaPV-
nd FPV-infected cells were used for control of back-
round luci activity. The recombinant avipoxviruses used
or inoculation, luci/CaPV and luci/FPV, were purified,
nd no luci activity was detected in the inocula (data not
hown). We observed high luci activity in recombinant
irus-infected mammalian cells, HeLa-S3, CV-1, RK, and
K-15, as well as CEF (Fig. 5). The yield and growth
inetics of CaPV were not affected by the insertion of the
acZ and luci genes into the TK gene.
We also constructed recombinant CaPV containing the
TLV-1 env gene to confirm the expression of the HTLV-1
nv protein. The HTLV-1 env/CaPV was obtained by the
ame procedure as described with the luci/CaPV, except
hat the lacZ/CaPV-infected CEF was transfected with the
HTLV-1 env/CaPVTK instead of the pluci/CaPVTK. The
TLV-1 env protein was expressed on the surface of
ammalian cells infected with the HTLV-1 env/CaPV
data not shown). The character of the HTLV-1 env-spe-
ific fluorescence on the surface was similar to that
xpressed by the recombinant vaccinia virus containing
he HTLV-1 env gene (Shida et al., 1987). The HTLV-1 env
roteins play an important role in HTLV-1 entry into target
ells via membrane fusion (Sagara et al., 1997). The
yncytium formation was also observed on CEF infected
ith HTLV-1 env/CaPV (data not shown). However, the
acZ, luci, and HTLV-1 env genes were gradually rejected
rom the genome through ;10 serial passages of the
ecombinant CaPV by CEF. It appeared that the instability
f the recombinant CaPV was dependent on the insertion
f the foreign genes into the TK gene because the rabies
lycoprotain gene in a 3.3-kbp PuvII region of the ge-
ome was stable (Taylor et al., 1991). This may indicate
omology of Poxvirus TK Proteins
Shope fibroma Myxoma Sheep Swine Yaba
82.6
64.4 68.4
60.7 63.5 66.1
62.9 63.5 61.6 63.0
53.4 55.6 62.1 66.3 56.2
he TK gene were taken from GenBank accession no. M16617 (fowlpox),
a), D00423 (sheeppox), M64000 (swinepox), D26580 (Yaba), D45170
search program (Lipman and Person, 1985) of DNASIS (Hitachi Co.).ABLE 1
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285TK GENE OF CaPV AND INSERTION OF FOREIGN GENESenes in the TK locus is possible at an early passage by
EF after plaque purification of the recombinant viruses.
Single and double cross-over products resulting from
ecombination between transfected plasmids and viral
enomes have been detected in poxvirus-infected cells.
he single cross-over recombinant viruses are unstable
nd usually give rise to a wild-type virus and recombi-
ant viruses (Spyropoulos et al., 1988). Unstable interme-
iate and stable forms also occurred in recombinant FPV
enerated by the single cross-over (Nazerian and Dha-
ale, 1991). We characterized the genomes of the recom-
inant CaPV containing the lacZ gene to observe
hether the recombination is generated directly by ei-
FIG. 3. Phylogenetic relationships of amino acid sequences of poxvirus
K proteins. An unrooted tree was constructed by the neighbor-joining
ethod (Saitou and Nei, 1987) and confirmed by the Kimura-2 parameter
fter 1000 times bootstrapping, using the PHYLIP package (Felsenstein,
985). The tree was described as a radial drawing using the TreeView
oftware (Page, 1996). Bootstrap values (%) are shown at the node of each
ranch.her single or double cross-over events. As expected, the (robe to the TK gene and its flanking sequences hybrid-
zed to the 2.4-kbp ClaI–BamHI fragment and the 3.0- and
.5-kbp EcoRV fragments of the wild-type virus DNA (Fig.
A-1, 1 and 4) and the probe to the lacZ gene did not
ybridize to any fragments of the wild-type virus DNA
Fig. 6A-2, 1 and 4). These two probes hybridized to the
.7- and 5.0-kbp bands of the EcoRV digest of the recom-
inants (Fig. 6A, 5 and 6). The recombinant DNA di-
ested with ClaI–BamHI was also analyzed by these two
robes. .The probe to the TK gene and its flanking se-
uences hybridized to the two molar 1.2-kbp fragments
Fig. 6A-1, 2 and 3). The 1.2-kbp fragments correspond to
he 2.4-kbp ClaI–BamHI fragment that divided at the
coRV site by insertion of the lacZ gene under control of
he p11 promoter. The probe to the lacZ gene hybridized
o the 0.8- and 2.3-kbp fragments, which were generated
rom the ;3.1-kbp lacZ gene cleaved at the ClaI site (Fig.
A-2, 2 and 3). The probe to pUC19 did not hybridize with
ny fragments derived from the genome of the recombi-
ants. These hybridization patterns were consistent with
he predicted genomic structure, which were derived
rom the double cross-over events, as shown in Fig. 6B.
iral genomes rapidly eliminate direct repeats with the
ormation of intramolecular and intermolecular recombi-
ation products (Ball, 1987, 1995). In this study, there was
o repeated sequence in the transfer vector used for the
eneration of the recombinant CaPV. These trials indi-
ated that the elimination of the foreign genes from the
ecombinant CaPV results in neither the presence of the
irect repeat nor the recombination by a single cross-
ver event in the genome.
To examine the elimination of the foreign genes in
ore detail, the recombinant viruses were screened for
-gal expression by plaque color and the genomes were
nalyzed by Southern blotting. When blue and white
laque phenotypes were compared, the blotting patterns
f the both phenotypes were indistinguishable (Fig. 6A, 2
nd 3, 5 and 6). This may suggest that the loss of b-gal
xpression is caused by small deletion/insertion or mu-
ation of the lacZ gene. The loss of b-gal expression by
utations of the lacZ gene has been described in the
ecombinant vaccinia virus (Ball, 1995).
DISCUSSION
Avipoxvirus was recently used as a live virus vector for
he delivery of antigens to both its natural avian hosts
Boyle and Coupar, 1988; Taylor et al., 1988b) and mam-
alian hosts (Taylor et al., 1988a). In this study, we
dentified, cloned, and sequenced a 5.5-kbp XbaI frag-
ent containing the TK gene of CaPV for insertion and
xpression of foreign DNA in CaPV and examined the
omology of CaPV with other poxviruses.
The TK gene of CaPV has an ORF of 179 amino
cids, which is 4 amino acids smaller than that of FPVBinns et al., 1988; Boyle et al., 1987) and has a puta-
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286 AMANO ET AL.ive molecular mass of 20.0 kDa. The amino acid
equence similarity of the CaPV TK protein was 45.5–
3.1% for myxoma, Yaba, Shope fibroma, Cotia, sheep-
ox, swinepox, variola, and vaccinia viruses. The per-
entage of identical amino acids between the fowl and
anary avipoxvirus TK genes was 64.2%, which is less
han that between vaccinia and variola (97.2%), rac-
oonpox and vaccinia (87.0%) orthopoxvirus TK genes,
FIG. 4. The gene organization of the 5.8-kbp XbaI fragment containin
PV. The parentheses indicate the numbers of amino acid.
FIG. 5. Expression of the luci gene in various mammalian cells
nfected with luci/CaPV and luci/FPV. Mammalian cells were infected
ith luci/CaPV and luci/FPV at a m.o.i. of 20, and CEF was infected at
m.o.i. of 0.5 and harvested at 48 h after infection. Luci activity was
easured as described in the text. Values for rlu refer to extracts from
05 cells. The value of parent virus-infected cells was subtracted in all
ases. The results shown are representative of two independentixperiments.nd Shope fibroma and myxoma leporipoxvirus TK
enes (82.6%). The value of 64.2% was lower than the
mino acid sequence homologies of TK proteins be-
ween orthopox and leporipox viruses (64.4–67.2%),
rthopox and capripox viruses (65.0%), capripox and
eporipox viruses (64.4–68.4%), suipox and capripox
iruses (66.1%), and suipox and Cotia viruses (66.3%).
owever, it was clearly demonstrated that although
he bootstrap value (92%) was lower than those of
rthopox (100%) and leporipox (100%) viruses, the
aPV and FPV resembled each other on an unrooted
hylogenetic tree when amino acid sequences of TK
ere analyzed (Fig. 3). The genomic similarity be-
ween CaPV and FPV is also supported by the pres-
nce of the same gene organization in the region
round the TK gene (Fig. 4).
Vaccinia and cowpox viruses have been used to pro-
ect humans against smallpox by vaccination, suggest-
ng extensive cross-immunity within the orthopoxvirus
enus. Cross-protection was afforded between FPV and
igeonpox virus but not between quailpox and other
vipoxviruses, such as FPV and pigeonpox virus (Winter-
ield and Hitcher, 1965; Winterfield and Reed, 1985). Ca-
arypox-based vectors have been shown to be ;100
imes more efficient than fowlpox-based vectors in in-
ucing immunity to rabies (Taylor et al., 1991). The se-
uence similarity of the TK genes between CaPV and
PV, as described here, is lower than that between any
ther genus of poxvirus. These results may suggest that
K gene of CaPV and the comparison with the corresponding region ofg the Tmmunologically divergent subgroups are included in the
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287TK GENE OF CaPV AND INSERTION OF FOREIGN GENESvipoxvirus genus and that the amino acid sequence
imilarities of the TK genes reflect the level of immuno-
ogical relationships among poxviruses.
The identification, cloning, and nucleotide sequencing
f the CaPV TK gene has enabled us to develop tech-
iques for the insertion of foreign genes into the CaPV
enome. Because TK2 avian cell lines have not been
stablished, a TK2 cell and 5-bromodeoxyuridine system
or the screening of recombinant avipoxvirus has not
een developed. Therefore, we used an alternative
ethod for the screening of a recombinant virus
Chakrabarti et al., 1985). A recombinant CaPV, lacZ/
aPV, was obtained by the insertion of the lacZ gene into
he TK gene. The CEF cells infected with the lacZ/CaPV
ere then transfected with the plasmids containing the
uci and HTLV-1 env genes flanked by TK sequences.
ew recombinants in which the lacZ gene was replaced
y the luci and HTLV-1 env genes were identified by the
ormation of white plaques. The methods described here
ay be used for identifying recombinant avipoxvirus
ithout the use of hybridization probes or antibodies, as
ell as to insert foreign genes into any nonessential
FIG. 6. The analysis of the genomes of the recombinant viruses. (A)
ild-type viruses. Genomic DNA were prepared from cells infected with
lanes 2 and 5) and the lacZ2 (lanes 3 and 6) phenotypes and digested
nd Southern hybridization with probes to the TK gene and its flanking
ot shown). (B) Schematic representation of the structure of the predicegion of poxviruses. In addition, the electroporation gechnique we used for the transfection of plasmid DNA
nto infected CEF cells is significantly more efficient than
he calcium-phosphate method commonly used.
Vaccinia p11 and p7.5 promoters were used to express
oreign genes in CaPV. The lacZ, luci, and HTLV-1 env
enes under the control of these promoters were ex-
ressed in both avian and mammalian cells infected with
he recombinant CaPV. These results were supported by
he fact that promoters for the FPV, swinepox virus, Yaba
irus, and Cotia virus TK genes function in vaccinia virus
ithout the vaccinia virus promoter (Amano et al., 1995;
oyle and Coupar, 1986; Feller et al., 1991; Ueda et al.,
995).
The insertion of the lacZ, luci, and HTLV-1 env genes
nto the TK gene of CaPV and the recovery of a viable
irus that is able to grow in a tissue culture demonstrate
hat the TK gene is not essential for the growth of the
ild-type CaPV in tissue cultures. However, the foreign
enes inserted into the TK gene were unstable in the
ecombinant CaPV. TK2 vaccinia virus recombinants,
onstructed by inserting a variety of DNA coding se-
uences into the vaccinia virus TK gene, are less patho-
ern blot analysis of the genome structure of the recombinant and the
ild-type virus (lanes 1 and 4) and the recombinant viruses of the lacZ1
laI–BamHI and EcoRV. The digests were analyzed by electrophoresis
ces (ClaI–BamHI fragment) (A-1), the lacZ gene (A-2), and pUC19 (data
A product of the recombinant by the double cross-over.South
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288 AMANO ET AL.ave confirmed that the insertion of the lacZ gene into
he TK gene of the host range mutant of vaccinia virus
educes its ability to propagate in CEF cells (data to be
ublished). The insertion of foreign genes into the TK
ene of the highly attenuated FPV prevented the isolation
f the stable recombinant virus, suggesting that an intact
K gene is essential for efficient growth of the mutant
irus in cell cultures (Scheiflinger et al., 1997). The dif-
erences in strains as described above may suggest to
lucidate the genetical difference between the Tokyo
G-2 strain used in this study and the virus strains
reviously used for the generation of the recombinants.
MATERIALS AND METHODS
ells and viruses
Trypsinized cells from 8-day-old chick embryos (CEF)
ere grown in a minimum essential medium (MEM)
ontaining FCS at 5%. HeLa-S3, CV-1, RK, PK-15, and TK2
43 cells were grown as monolayers in MEM supple-
ented with 10% FCS. CaPV, strain Tokyo CG-2 (supplied
y Dr. M. Mase, National Institute of Animal Health,
baraki, Japan), which had been isolated in Tokyo in 1958
Sato, 1961), and FPV strain Beaudette were pock-puri-
ied, propagated in CEF, and purified as described by
oklik (1962). Vaccinia virus strain Dairen I, TK2 mutant
as isolated and propagated in HeLa cells (Ueda et al.,
995).
onstruction of transfer vector
A 2.4-kbp ClaI–BamHI fragment containing the TK
ene was excised from a 5.8-kbp XbaI fragment of CaPV
nd cloned into pUC 19. The presence of a unique EcoRV
ite located within the body of the TK gene was con-
irmed. The EcoRV site was converted into SphI and PstI
ites by ligation of synthetic linkers. The region contain-
ng the vaccinia virus p11 promoter and the lacZ gene
as excised from pSC10 (Chakrabarti et al., 1985) with
baI and SmaI restriction enzymes and inserted into the
phI site in a 2.4-kbp ClaI–BamHI fragment after attach-
ent of a synthetic linker (placZ/CaPVTK). The luci gene
as obtained by BamHI and SacI digestion of plasmid
GS-CS (Toyo Ink Inc., Tokyo, Japan) and ligated to
amHI and SacI cut pAK2, a transfer vector containing
he vaccinia p7.5 promoter, multicloning sites for inser-
ion of foreign genes, and the flanking sequences of
accinia TK gene. The luci gene under control of p7.5
romoter was then excised from the pAK2 with PstI and
acI restriction enzymes, and inserted into the PstI site in
he 2.4-kbp ClaI–BamHI fragment after conversion of the
acI site to a PstI site (pluci/CaPVTK). The HTLV-1 env
ene under control of vaccinia p7.5 promoter was ex-
ised with SphI and EcoRI restriction enzymes from the
ecombinant plasmid pHA proenv (Shida et al., 1987) and
nserted into the SphI site in the 2.4-kbp ClaI–BamHI aragment after conversion of the EcoRI site into an SphI
ite (pHTLV-1 env/CaPVTK).
The 5.5-kbp EcoRI fragment containing the TK gene of
PV was cloned into pUC19. The lacZ gene under control
f vaccinia p11 promoter and the luci gene under control
f vaccinia p7.5 promoter were inserted into the unique
coI site located within the body of the FPV TK gene
placZ/FPVTK and pluci/FPVTK).
ransfection and isolation of recombinants
CaPV and FPV recombinants were constructed as
ollows. CEF (10 3 106 cells) in 100-mm petri dishes were
nfected with CaPV and FPV at ;0.5 PFU/cell. After 1 h of
bsorption at 37°C, MEM containing 2% FCS was added,
nd the cells were further incubated at 37°C for 2 h. The
edium was then removed, and the cells were detached
rom the petri dishes with trypsin-EDTA, centrifuged, and
uspended in 0.5 ml of PBS devoid of calcium and mag-
esium. The infected cells were transfected with 20 mg
f transfer vector DNA by electroporation (0.23 V, 0.95
igh cap.; Bio-Rad). After electroporation, the cells were
uspended in MEM containing 10% FCS (5 ml) in 60-mm
etri dishes and incubated at 37°C for 6 days. Infected
ultures were stripped off with a rubber policeman and
onicated, and their titers were determined on CEF at
7°C under a liquid overlay. Six days later, the medium
as removed, and fresh medium containing 1.2% agar
nd 60 mg/ml X-Gal was added. The plaques were
icked after incubation at 37°C for 6–8 h and suspended
n 0.2 ml of medium. The viruses were purified by further
laque formation.
ecovery of TK1 recombinant virus
TK1 recombinant virus was constructed as described
reviously (Ueda et al., 1995). Various fragments of the
.4-kbp ClaI–BamHI fragment of CaPV were inserted into
he HindIII-J fragment of TK2 vaccinia virus. The insertion
ector plasmids J/pBR and pLJB, containing inserts, were
ransfected using cationic lipid Lipofectin (GIBCO BRL)
nto TK2 143 cells 3 h after their infection with TK2
accinia virus. The cells were harvested 48 h after infec-
ion. The progeny of infection experiments were pas-
aged twice in TK2 143 cells in the presence of 1 mM
ethotrexate to confirm the growth of the recombinant
irus of TK1 phenotype.
uci assays
Mammalian cells were infected with the luci/CaPV or
he luci/FPV at multiplicity of infection (m.o.i.) of 20, and
EF was infected at a low m.o.i. of 0.5 to avoid severe
ytopathic effects. The viruses were adsorbed to the
ells at 37°C for 1 h. Extracts were prepared from cells
arvested at 48 h after infection. Luci activity was deter-
ined by use of the Pica Gene luci kit (Toyo Ink Inc.)ccording to the manufacturer’s instructions. Cells were
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289TK GENE OF CaPV AND INSERTION OF FOREIGN GENESysed with the cell lysis buffer LUC/PGC-50. Twenty mi-
roliters of cleared cell lysate were incubated with 100 ml
f each reaction mixture. Relative light units (rlu) were
easured using a luminometer (Berthold).
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